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PREFACE 

In  the  following  design  the  authors 
have  attempted  to  cover  the  technical  features 
of  a  hydro -electric  development.  They  realized 
their  inability  to  make  decisions  which  would 
require  the  judgment  of  an  experienced  engi- 
neer ,  and  have  therefore  emphasized  the  math- 
ematical and  physical  treatment  of  the  factors 
which  enter  into  the  design,  rather  than  the 
economic  and  commercial  factors* 

Free  use  has  been  made  of  the  material 
on  scroll  cases  and  draft  tubes  written  by 
Hillberg  and  published  in  Volumn  72  of  the 
Engineering  Record* 

We  wish  at  this  time  to  thank  the 
Faculty  of  Armour  Institute  of  Technology, 
and  in  particular  Professor  Stanley  Dean,  of 
the  Civil  Engineering  Department,  for  their 
guidance  and  assistance  during  the  past  four 
years. 


Acknowledgment  is  made  to  Vlel^,  Black- 
well  and  Buck  of  New  York  for  topographical 
maps  furnished  and  to  the  Wellman-Seaver- 
ilorgan  Co.,  for  data  on  turbine  runners. 

May  31,  1917.  J.W.T. 

H.A.K. 
£.H*  S. 


GONTKNTS. 

Hame 

PART  1. 

Page 

Design  of  dan. 

penstocks,  pipe  line. 

spillTray  and  surge  tank* 

Dam 

10 

Data 

1 

Income 

9 

Load 

6 

Penstocks 

19 

Pipe  line 

16 

Spillway 

12 

Surge  tank 

PART  2. 

23 

Design  of  power 

'  house. 

Data 

37 

Draft  tube 

78 

Notation 

35 

Scroll  case 

63 

Taper  piece 

73 

Turljine 

PART  3s 

41 

Electrical  equipment 

100 

LIST  OF  TABLES,  DIAGRAMS.  AKD  DRAWINGS. 

NAME  PAGE 

PART  1. 

Design  of  dam,  penstocks,  pipe  line, 

spillway  and  surge  tank. 

Fig.  1«  Mean  monthly  flow  curve        3 

2.  Typical  load  curve  7 

3.  Graphical  analysis  of 
spillway  section  13 

Drawing  1,  Spillway  and  gate  control 
mechanism. 
2,  Vertical  section  of  dam 
and  plan  of  dam  and  spill- 
way showing  topography. 
3*  Surge  tank,  distributor 
and  Johnson  valve. 
PART  2o 
Desigg  of  power  house. 

Table  1.  Turbine  analysis-  32  inch.    53 

2.  Turbine  analysis-  46  inch    59 

33«  Scroll  case  data  68 

4«  Draft  tube  data  97 


LIST  OF  TABLES.  DIAGRAMS  AND  DRAWINGS. 

NAME  PAGE 

PART  2, 

Design  of  power  house. 

Fig.  1.  TurMne  analysis  -  32  inch  57 

2.  TurMne  analysis  -  46  inch  61 

3.  Turbine  analysis,  efficiency 
and  power  -  46  inch  62 

4.  Scroll  case  plan  66 

5.  Scroll  case  section  70 

6.  Taper  piece  curves  75 

7.  Taper  piece  section  77 
8«  Draft  tuhe  center-line  81 
9.  Draft  tube  velocity  curves    95 

Drawing  1.  Scroll  case^  taper  piece 
and  draft  tube. 
2«  Elevation  of  power  house. 
3.  Plan  of  power  house. 
PART  3, 
Drawing  1.  Switchboard. 

2.  Wiring  diagram. 


PART  1« 
DESIGN  OF 
DAM,  SPILLV/AY,  PIPE  LINE, 
PENSTOCKS  AND  SURGE  TANK. 
Jo  W,  TIERNEY. 


DESIGN  OP  A  15000  H.P*  HYDRO- 
ELECTRIC DEVELOPMENT  ON  EAST 
CANADA  CREEK,  NEAR  EAST  CREEK, 

N.Y. 

The  proposed  development  is  located  on 
the  East  Canada  Creek,  about  a  mile  and  one- 
half  above  it's  Junction  with  the  Mohawk 
River*  This  development  supersedes  an  old 
hydro -electric  plant  now  in  operation  at  the 
same  site*  The  company  controlling  the  water 
rights  for  this  development  is  also  the  own- 
er of  a  hydro-electric  plant  on  the  same 
river  at  Inghams  Mills,  three  and  one -half 
miles  above  the  site  under  discussion*  The 
two  plants  will  be  operated  in  parallel* 

Dae  to  topographical  conditions  the 
storage  area  available  at  a  reasonable  cost 
is  negligible,  and  the  total  storage  supply 
would  be  constuned  in  three  days  relying  on 
storage  alone*  Therefore  to  tide  over  periods 


of  low  water  an  auxiliary  steam  plant  will 
"be  required,  which  however,  is  not  considered 
in  this  thesis  which  is  specializing  on  the 
hydraulic  features  only.  The  subjects  which 
will  be  discussed  here  are  the  dam,  pipe 
line  and  it's  accesories,  the  turbines  and 
their  accesories  and  the  power  house  with 
the  electrical  equipment. 

Incorporated  in  the  drawings  are 
several  features  which  we  believe  are  or- 
iginal* 

On  the  pages  immediately  following 
are  tables  showing  the  average  monthly  flow 
of  the  river  for  the  last  fiften  years. 
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Mean  monthly  flow  of  East  Canada  Creek 
at  the  dam  site  in  cubic  feet  ler  second, 
based  on  readings  taken  on  East  Canada  Creek 
at  Dodgevllle,  N»Y,,  and  corrected  for  the 
aifference  in  drainage  area  between  Dodge- 
vllle and  the  dam  site. 

MONTH  1899  1900  1901  1902  1903  1904 
Jan*  896  585  258  283  735  185 
Feb,  483  976  273  196  1070  238 
Mar,  570  320  760  1860  3340  832 
Apr,  2170  229  2300  895  1355  2470 
May  696  535  692 
June  215  407  620 
July  182  243  191 
Aug,  106  158  209 
Sept.  101  146  274 
Oct.  123  112  277 
Nov.  415  1050  395 
Dec. 


776   405   1030   1155 

V 

t   continued) 


111  171  1220 

622  1010  423 

885  492  274 

214  764  541 

268  205  435 

950  1170  1150 

645  349  279 

283  271 


Table   continued. 
MONTH      1905      1906      1907      1908      1909      1910 


Jan. 

338 

620 

1190 

442 

455 

306 

Feb. 

127 

299 

377 

795 

567 

242 

Mar* 

840 

415 

695 

1230 

2350 

558 

Apr. 

2390 

2160 

580 

2280 

1500 

3220 

May 

1000 

990 

270 

1330 

854 

915 

June 

915 

354 

286 

345 

630 

258 

July 

635 

422 

175 

290 

199 

112 

August 

248 

193 

152 

188 

235 

120 

Sept. 

1310 

131 

260 

137 

341 

300 

Oct* 

563 

352 

670 

152 

262 

585 

Nov. 

765 

505 

730 

339 

370 



Dec. 

990 

444 

900 

327 

206 

i— « 

MONTH  1913  1914   1915 

Jan.  — -  226   635 

Feb.  258  185   865 

Mar.  ?500  441   640 

Apr.  920  2520  1290 

May  595  543   560 

June  263  168   234 

t  concluded  on  next 


page) 


MONTH      1913      1914      1915 

July    142   144   495 

Aug.     102    192    667 

Sept.    122   183   380 

Oct,    356   154   

Nov.    685   293   

Dec.    387   283   

LOAD. 

This  development  is  made  for  the  pur- 
pose of  supplying  energy  to  an  electric  tBac- 
tion  system,  house  and  street  lighting,  man- 
ufacturing, and  for  a  typical  central  station 
load.  Since  no  definite  data  is  availahle  as 
to  the  relative  magnitude  of  the  different 
loads  listed  ahove,  the  average  load  curve 
of  the  Commonwealth  Edison  Co.,  of  Chicago 
for  the  year  1905  is  adopted  as  the  typical 
load  curve  of  this  development.  The  loads  are 
similiar,  both  combining  railway,  central 
station,  manufacturing  and  lighting  loads. 
To  determine  the  most  economical  pipe  line 
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size  it  is  necessary  to  knoir  the  average  and 
root  mean  square  of  the  value  of  the  flow 
through  the  line.  A  tahulation  of  the  values 
taken  from  the  curve  is  listed  below* 


TIME 

FLOW 
CUSECS, 

(FLOW) 2 

» 

A.M.  1 

300 

90000 

2 

240 

57500 

3 

210 

44000 

4 

230 

53000 

5 

200 

40000 

6 

280 

78000 

7 

490 

240000 

8 

670 

450000 

9 

720 

520000 

10 

690 

475000 

11 

680 

462000 

12 

700 

490000 

P.M.  1 

710 

505000 

2 

760 

580000 

3 

780 

610000 

4 

790 

625000 

TIME 

FLOW 
CUSECS 

(FL0W)2 

• 

P.M.  5 

900 

810000 

6 

820 

670000 

7 

810 

660000 

8 

850 

720000 

9 

800 

640000 

10 

423 

520000 

11 

520 

270000 

12 

400 

160000 

14180  9672500 

From  which  the  average  flow  =  590  cu« 
ft.  per  sec,  and  the  square  root  of  the 
mean  square  of  the  flow  =  635  cu.  ft.  per  sec. 
lyCOME. 

It  is  necessary  in  order  to  he  ahle 
to  calculate  whether  the  plant  will  he  a 
paying  proposition  or  not  to  know  that  the 
income  per  year  per  foot  head  is.  In  the 
following  calculations  we  find  that  it  is 
$  1750.00  per  year  per  foot  head,  which 
gives  an  idea  of  the  income  of  the  plant. 
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The  average  flow  =  590  cusecs*,   under  a 
head  of  180  ft.    The  overall  efficiency  is 
40fo  and  the  net  income  per  K.Wo   hour  is 
one  cent.   The  horse  power  output  is 

H.P,   =   590x62.5x180x0.40  _  ^320  h  p 
550 

which  is   equal   to   3600  K.W, 
The  net  income  per  hour  is 

3600x0.01  =   $  36.00 
and  the  net  income  per  year  is 

365x24x36  =  $  315,720 
Therefore  "i",  the  income  per  foot  head  per 
year  is 

«i«   =  315720   ^   ^   1750.00 

DAM, 
Three  possible  types  of  dams  suggest 
themselves  for  this  project}   reinforced 
concrete,    gravity  concrete  and  earth  fill. 
Although  no  detailed  estimate   of    the   rela- 
tive  costs  was  made  it  seems   quite  evident 
tliat  the  latter  type  is  the  more  economical 
due   to   the  hills  on  tooth   sLdes  of  the   dam. 
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from  which  the  earth  fill  can  he  placed, 
eliminating  costly  quarrying,  mixing  and 
placing,  and  the  large  amount  of  skilled 
labor* 

The  high  water  elevation  in  the  fore- 
hay  is  fixed  at  EL.  515»  This  is  the  max- 
imum economical  head,  entailing  a  minimum 
flooding  of  the  property  hordering  upon  the 
stream.  The  spillway  is  designed  to  carry 
off  the  maximum  recorded  flood  flow,  there- 
fore it  is  reasonably  safe  to  assume  that 
the  water  will  never  rise  above  EL.  515. 
The  top  of  the  dam  is  brought  up  to  eleva- 
tion 525.,  to  insure  against  overflowing 
at  the  dam  section.  The  data  of  the  dam  is 
as  follows: 

Maximum  height  =  70*  -  00" 

Upstream  slope  =  3  to  1. 

Downstream  slope  =  2  to  1 

Core  wall  =  2*  -  00"  wide  at  the  top 

and  is  battered  1  in  40 
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Upstream  face  of    the  dam  is    rip-rapped 
16"   deep  on   top  of  6"   of  gravel  fill.    The 
dam  is  founded  upon   solid  rock, 
SPILLWAY. 

To   safeguard  the  earth  fill  dam  a- 
gainst  flood  flows  it  is  necessary   to   pro- 
vide a  gravity  sjiillway.    The  maximpm  re- 
corded flood  flow  is  8732   cusecs*,    and  due 
to   the   equalizing     action  of  the  hydro- 
electric plant  upstream  it  is  not  prohable 
that  the  flow  will  ever  exceed  this  value 
which  was   recorded  hegore   the  upstream 
plant  was  put  into   service.   To   proidde   a- 
gainst  excessive  flood  the  spillway  will  te 
designed  to    carry  off  10,000   cusecs. 

The  data  for    the   calculation  of  the 
spillv;ay  is  given  as  follows: 

Q,  =  flow  over   spillway  in  cusecs*   is 
10,000 

h  =  head  of  water  over   crest  =  5  ft* 

L  =  length  of   spillway   =  262.5  ft. 
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The  value  of  h  =  5  ft,  vfliich  was 
stated  in   the   *ove  data  was  gotten  lay  sub- 
stituting in  the  weir  formula  as  follows: 

3/2  3/? 

Q  =  3.83  Lh  '      =   10000   =   3,33x262xh 

from  which  h  =  5  ft. 

The  downstream  face  of  the  spillway 

must  conform  to  the  shape  of  the  curve  of 

water  flowing  freely  over  the  crest.  This 

curve  is  a  parabola.  In  a  time  t  the  water 

travels  horizontally  a  distance  x  =  vt, 

V  heing  the  velocity  over  the  crest  in  feet 

Aper  second.  The  vertical  height  through 

which  the  water  has  fallen  in  the  same  time 

+2 
is  y  =  si—  ,  The  following  tahle  gives  the 

values  of  x  and  y  for  the  parabola,  being 

calculated  from  the  jfcove  equations, 

X      1,000      2,000      3.000      4.000 

y     0.278      1.112      2.432      4.440 

The  stability  against  overturning  is 

determined  by  a  graphical  analysis  of  a 

section  one  foot  in  length,  as  follows: 
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Height  of  maxlnum  section  =  17  ft. 

Head  of  water  over  crest  =  5  ft« 

Total  head  of  water  =     22  ft. 

Weight  of  water  per  cu«  ft.  =  62,5  11)8.=  w 

wh^ 
P  =  total  horizontal  pressure  =  j;— 

2  ^ 

p  =  62.5(22)      _   143QQ   iijs,,    acting  at  6.68 

feet  above  the  base. 

W  =  total  vertical  force   acting  on  the 

section,   which  is   the  weight  of   water  per 

foot  of  spillway  section.   Section  area  =  144,25 

W  =  62.5x144.25  =  214001bs. 

Thus  by  combining  these   two  forces  vector- 

ially  the  resultant  is   found  to  be  25800 

Ibs*^  acting  inside  of   the  midclle  third  of 

the  base. 

Since  the  maximum  pressure  on  the 
base,  which  occurs  at  the  intersection  of 
the  downstream  face  and  the  ground  is  e- 
qual  to  twice  the  average  distributed  pres- 
sure (  the  design  being  based  on  the  middle 
third  principle)  the  maximum  crushing  unit 
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stress  is  — 

S  =  ^^Q^*^  =  2,080  lbs.,  well  within 
the  safe  crusiiing  strength  of  rock. 
To  guard  against  the  dam  sliding  down- 
stream, the  "base  is  intrenched  as  shown  in 
the  drawings. 

PIPE  LINE. 
In  this  development  in  which  a  pipe 
line  6445  ^t, ,  long  is  used,  the  cost  of 
the  line  enters  into  the  total  cost  as  an 
appreciaijle  percentage.  It  is  therefore 
imperative  that  the  most  economical  pipe 
he  used.  The  formula  used  in  this  connec- 
tion was  derived  by  M.  M.  Warren,  and  was 
published  in  the  "  A,  S.  C.  E.  "  Proceed- 
ings, October,  1914. 

N  omencl  ature  • 
B  =  cost  of  pipe  in  place,  per  ft.,  in  dia- 
meter, per  foot  in  length. 
C  =  coefficient  in  Chezy  formula  for  fric- 
tion in  pipes. 
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D  =  inside  diameter  of  pipe  in  feet, 

i  =  income  in  dollars  per  year,  per  foot  of 

head* 
L  =  length  of  pipe  in  feet, 
p  =  percentage  return  on  investment, 
q  =  root  mean  square  of  flow  thru  penstock 

in  cusecs, 
V  =  velocity  of  water  in  pipe  in  feet  per 

second, 

R  =  hydraulic  radius  in  feet. 

By  the  Chezy  formula  the  head  in  the 

pipe  is 

iL-  feet  in  which  R  =  t 
c2r  ^ 

The  income  lost  on  this  head  is 

ii^  i  dollars  per  year, 
C^R 
The  fixed  charge  on  the  pipe  line  is 


BLD  dollars  per  year, 
100 


The  sum  of  these  two  losses  is  the  total 
yearly  loss.  Adding  and  inserting  the 
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values  R  =  E  and.     V  =  ^^  the  yearlv  loss 
is 

16x4Lq^i        pBLD 
c2D'*f^^D     ~     100 

Differentiating  this  equation  with  respect 
to  D  and  setting  equal   to   zero,    the  minl- 
mum  value  of  the  expression  is 

5x6.53sLq^i   _  -^SL  -  q 
q2^€  100 

from  which 

n  _  /3250q2i 
"12 — 

To  determine  D  we  have  that  q  =  635, 
i  =   1750,    C  =   140,    p  =   15,    and  B  =  2. 

D  -  ^3250x(635)''^xl750   _  ^^3,5  ft 
(140)2x15x2 

We  shall  therefore  use  a  twelve  fnok  pipe 

with  an  area  oC  113  sq«  ft*,  and  a  full 

Ipad  velocity  of  900/113  =  8  feet  per  sec, 

which  is  sufficiently  low,  for  this  type  of 

pipe  which  is  to  he  made  of  wood  staves, 

with  iron  hands  reinforcing  it.  The  design 
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of  the  iron  reinforcing  lands  is  shown  as 

follows: 

Let       Ag  =  area  of  rods,/  in.   length  of  pipe« 

fg  =  allowahle   stress  =   16000#/  sq«in« 

unit 
p  =  maximum/^intemal  pressure  =  21.7 

lbs* 9    that  due   to   a  150  ft*   head* 

Therefore 

2Agf  g  =  Dxl23q) 

from  which 

.      _.  12x12x21/?  _  0*097   s(i.   in.    steel, 
s  2x16000 

The  spacing  of  the  hands  is  ,   when  using  a 

1  inch  hand 

2£l§^  =  8  inches. 
0.097 

PENSTOCK. 

Because  of  generating  requirements, 
three  units  are  needed,  and  each  unit  will 
"be  supplied  with  it's  own  penstock.  The 
section  area  of  each  penstock  is  made  one- 
third  that  of  the  pipe  line,  and  thus  the 
diameter  of  the  penstocks  will  he  7  f to , 
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each*  Since  the  surge  tank  is  located  at 
the  junction  of  the  pipe  line  and  penstocks 
(  connection  heing  made  by  a  reinforced 
concrete  distributor  as  shown  in  drawing) 
all  surges  caused  by  gate  closing  and  load 
fluctuations  will  travel  the  entire  length 
.of  the  penitock  before  being  acted  upon  by 
the  surge  tank.  Hence  the  penstocks  must 
be  designed  for  the  maximum  probable  water 
hammer* 

The  formula  which  shall  be  used  here 
for  the  water  hammer  is  developed  by  Mr* 
M*  W«  Warreh,  in  the  Proceedings  of  the 
A.  C.  E.  S.,  for  October,  1914,  This  for- 
mula is  more  simple  and  more  accurate  for 
moderate  penstock  velocities  than  the  older 
formula  due  to  Allievi*  The  derivation  and 
application  of  the  above  mentioned  fo  iroula 
is  treated  in  the  following  paragraphs* 

Nomenclature* 
T  =  time  of  gate  closing  in  seconds* 
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P  =  section  area  of  pipe  in  sq«   ft» 

V  =  velocity  corresponding  to   Q  in  ft«/sec« 

W  =  weight  per  cuMc  foot  of  water, 

L  =  length  of  penstock  in  feet» 

h  =  head  due   to  water  hammer* 

a  =  velocity  of   vibration  along  penstock. 

Due  to  variations  in  time  of  gate 

closing  some  assiunption  must  be  made  as  to 

the  rate  of  closing.  It  is  assumed  that  the 

gate  is  closed  in  such  a  way  that  in  the 

absence  of  reflected  waves,  the  pressure 

will  rise  at  a  constant  rate.  According  to 

this  assumption  the  pressure  will  rise 

lineak^  from  0  to  h  in  a  time  Sli,  remain 

a 

constant  at  h  until  a  time  T,when  it  will 
fall  again* 

Therefore   the  impulse (force    )(time) 
acting  on   the  mass   of  water  from  time  0   to 
time  T  is 

-  PW(g.)(2|L)   -  PWh(T-  2k)  =-PWh(T-  k) 
<*     a  a  a 
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The  mass  of  water  in  the  pipe  is  SSi.  and 

g 
it's  velocity  changes  from  V  to  0.  There- 
for the  gain  of  momentum  is 

g 

Equating  the  impulse  to  the  momentum  we 
hare 


-  PWh(  T  -  li.  )  =  - 
a 

g 

therefore 

LV 

''%(T.k) 

To  apply  the  formula  just  derived  we 
have  the  following  data; 
L  =  700  ft. 

D  =  pipe  diameter  =  7  ft» 
V  =  8  ft.  per  sec. 
T  =  2  seconds o 

h  =  pipe  thickness  in  feet,  assumed  at  0«5" 
a  =  2830  as  calculated  below. 

4660 


D 
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Therefore 

L  _  SeO_  _  o  25  sec 
a  ~  2830  ~  ""^^  ®®**«' 

h  =  220^ r  =  100  ft. 

32,2(2.0-.25) 

Then  the  total  static  head  plus  the  water 
hammer  head  is 

115  *+  100  =  215  ft. 
Therefore 


„  _  215x«  434x7x12  _  «  oo  ^  v. 
*8  =    2x16000 =  "'^^  ^'^*^^^^- 


Therefore  a  pipe  with  a  thickness  of  metal 
of  one-half  inch  will  be  used  for  the  pen- 
stocks* 

SURGE   TANK, 
To  provide  against  destructive  surges 
upon  the  sudden  application  or  rejection  of 
load  some  form  of  stand-pipe  or  surge«-tank 
is  necessary*  Previous  to  the  last  year  or 
two  a  large  open  tank  was  generally  used^ 
and  connected  so   that    there  was  an  unob- 
structed flow  between  it  and  the  penstock* 
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This  form  of  regulation  while  theoretically 
sound  is  generally  a  practical  impossibility 
due  to  the  excessively  large  tank  required. 
To  overcome  this  difficulty  Mr.  R«  D« 
Johnson  has  developed  a  differential  tank 
which  not  onlj'  produces  "better  regulation 
hut  is  also  less  espensive  to  build  than 
the  simple  tank.  A  short  resumS  of  the  in» 
venters  claims  which  have  been  proven  in  at 
least  three  recent  installations  are: 
(l)  A  much  smaller  diameter  than  the 

simple  tank* 
(2.)  It  does  not  have  to  be  carried  to  such 
a  height  as  the  old  style  tank,  thus 
saving  an  espensive  spillway  and  waste 
of  water. 
.  (3)  It  is  proof  against  synchronous  ^oad 
changes,  which  however  small,  are 
likely  to  carry  the  water  in  the  sim- 
ple tank  beyond  Bounds.  This  last  is 
the  most  important  of  all. 
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We  might  state  here  before  proceeding  furth- 
er the  various  conditions  which  will  set  a 
wave  motion  to  vibrating  In  the  penstock. 
An  undulation  In  the  water  may  "be  set  Into 
motion  "by  a  load  change,  and  may  have  any 
one  of  the  following  four  characterstlcs, 
depending  upon  existing  conditions. 

(1)  It  may  die  out  as  a  damped  harmonic* 

(2)  It  may  live  Indefinitely  at  the  same 
amplitude o 

(3)  It  may  continue  to  drop, theoretically, 

without  turning  around  to  rise  again,  if 

In 
the  acceleration ^the  pipe  is  not  fast  e- 

nough  to  catch  up  to  the  increasing  draft 
velocity  as  the  head  recedes  and  the  gov- 
ernor opens  the  water  wheel, 

(4)  It  may  increase  in  amplitude  with  each 
oscillation* 

As  a  modification  of  case  (l)  it  may 
die  out  with  no  oscillation  at  the  end  of 
the  first  quarter  cycle  in  an  infinite  time* 
This  is  called  the  dead-heat  condition* 
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When  load  changes  happen  to  occub  in 
step  with  the  natural  period  of  vibration 
of  the  water  column,  case  (l)  usually  takes 
on  the  characteristics  of  (3)  and  experience 
has  shown  that  this  test  applied  ti  simple 
tanks  disqualifies  them  for  safe  use.  It  is 
known  that  a  differential  tank  will  almost 
invariably  stand  up  under  this  test.  The 
variation  in  case  (l)  called  the  dead-heat 
condition  is  practically  out  of  the  question 
imless  the  pipe  line  he  very  long  or  the 
velocity  very  high,  or  a  combination  of 
bothy  ei titer  of  which  is  conducive  to  a 
large  friction  factor. 

Therefore,  a  differential  tank  is 
chosen  for  this  development, because  of  its 
pellatility  and  small  initial  cost 

The  fomnilas  as  developed  by  My# 
Johnson  and  which  have  been  used  in  this 
design  were  published  in  the  October,  1914, 
issue  of  the  Proceedings  of  the  American 
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Society  of  Civil  Engineers.  The  development 

of  the  formula  will  not  te  taken  up  here,  as 

it  is  rather  lengthy. 

Nomenclature* 

t^   =  time  of  acceleration. 

tj.  =  time  of  retardation, 

T  =  time  to  complete  l/4  of  the  wave* 

L  =  length  in  feet  of  pipe* 

A  =  area  in  square  feet  of  the  pipe, 

F  =  net  pipe  area(  in  excess  of  the  stand- 
pipe  area), 

a  =  area  of  the  restricted  opening  with  a 
100^  coefficient  of  discharge, 

a.Q=     area  of  restricted  opening  when  time 
is  equal  to  zero, 

a^^  =  area  of  restricted  opening  when  time 
is  equal  to  T, 

V  =  velocity  in  the  pipe* 

Vj^  =  initial  pipe  velocity  hefore  accelera- 
tion beginss 

▼t  ~  pip®  velocity  when  tj^  =  T  =  velocity 
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Ijefore  retardation  lieglns.— 
c     =  coefficient  so  that   cv^=  total  loss  in 

head  in  the  pipe* 
y     =s  departure  of  the  water  ICTel  in  the 

tank  from  it*s  intial  quiescient 
position  previous  to  a  change  in  load* 
y^^  =  y  for  a  time  =  T  =  amount  of  sudden 

initial   change  in  stand-pipe  level* 

p     =  ^  of  velocity  change  =     ?"■  •*• 

▼2 


k  =  stability  factor  of  wave  = 


c 


(v2-  v2) 


=  /Zi   -V? 


▼2 


The  formulas  are  given  as  follows: 

(1)  F  =  ~— (  22iog  (Z-Ti)(Z-Va)   ^ 
^  '  '   2gcvyi^  Z  ^  (Z-vpCZ-Vg) 

log  ^Zg  -  4  I 


AL   /  -x ^r 


(2)  F  =  |±i5^(  log  _ 

2  r 
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(3)  ao  =  ^<^2-vi) 

/SgyT 

(4)  ai=(^(l-i))^/" 

^      L       K 

(5)  V  =  0*0993/^ 


(6)   K  =  ;^ 


The  computations  for  the  surge  tank 
may  he  divided  Into  two  main  divisions. 

(a)  Dimensions  of  tank  necessary  to 
regulate  for  a  sudden  application  of  load, 
(  from  one^alf  to  full  load  ).  In  the  cal- 
culations for  this  condition  a  certain  per- 
mlssihle  drop  in  riser  level  is  assumed^  as 
(  y^^  =  10*  ),  and  the  diameter  of  the  tank 
and  the  opening  area  is  calculated  for  this 
drop. 

(h)  Dimensions  of  tank  necessary  for  a 
sudden  rejection  of  load, (  from  full  load  to 
no  load).  With  the  diameter  calculated  in 
part  (a),  the  height  of  the  tank  above  full 
load  gradient  is  calculated  to  take  care  of 
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the  rise  in  water  due  to  a  rejection  of  the 
load*  The  port  area  is  determined  for  this 
condition  also,  and  a  compromise  is  made  be- 
tween the  two  areas  calculated.  To  determine 
the  dimensions  just  spoken  of  the  maximum 
pipe  velocity  must  he  known.  This  is  not  that 
due  to  full  load  hut  a  critical  velocity  V^. 
which  may  exceed  the  full  load  velocity* 

The  data  for  the  calculation  of  the 
tank  is  given  he low. 

Length  of  pipe  line  =  6445  ft. 

Diameter  =  12  ft. 

Area  =  113  sq.  ft.  =  riser  area. 

Full  load  flow  =  900  cusecs. 

Half  load  flow  =  450  cusecs. 

C  =  140 

y-  =  10*   (  assumed). 

For  aiH  acceleration  from  one-half  to 
full  load  with  a  drop  of  ten  feet  in  the 
riser  we  have 
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Z  =  /^   4  16  =  10.7 
•  11 


F  =    113x6445 
64.4x0,11x10 


^  (19.7f4){l0.7-8) 


(10.7-S4) 
F  =  492.4  sq.  ft. 


Therefore  the  total  area  is  e^ual  to  the 
area  of  the  tank  plus  the  area  of  the  riser, 
or 

area  =  492.4  -  113.00  =  605.4  sq.  ft. 
Therefore 


^   3.1416  ^     ^^'^  "• 


This  then  gives  the  diameter  of  a  tank 
necessary  to  regulate  for  a  drop  of  10  ft. 
Part  (b). 


^0  =  ,^/^^^^   -  =  17.7  sq.  ft. 
/64,4xl0 
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^c  -  -Ol^  ^   492.4  -  ^^  "•/  «®*** 

It  can  "be  seen  thatthis  value  Is  too 
high,  hence  a  value  of  ten  feet  per  second, 
which  is  two  feet  per  second  more  than  the 
full  load  velocity,  will  be  assumed. 
Prom  equation  (2) 

F  =  492.4  =  11356445 ^        _^ 

64.4x.0121xl00Kr  ^  K^-l 

By  a  triil  value  of  Kj.  the  value  of  3.15 
satisfies  the  ahove  equation.  Substituting 
in  equation  (6) 

y^  =  3. 15x. 11x100  =  34.6* 
which  is  the  height  of  the  tank  above  the 
full  load  hydraulic  gradient.  From  equation 
(4)  we  have 

-  -  r  4.92x113x34.6  _,.     1 .  .1/2 

*  -  ^  6445 —  "(l  -  37l5>  >   = 

=  14.3 
Therefore  the  theoretical  area  of  the 
opening  is  14.5  sq.  ft.  But  the  coefficient 
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of  discharge  for  a  rectangular  opening  Is 
0,6    (  Huglies  and  Safford     Pp*    149)   and 
therefore  the  above  opening  must  he  corrected. 


area  =  i~^  =  24.2  sq,   ft« 


The  height  of  the  tank  is  determined 
by  the  dimensions   just  calculated  and  by  the 
hydraulic  gradient  at   full  and  half  loads. 

o 

hf  =  friction  head  =  iZ_il 
at  half  load 


_  4x16x6445  _     , 
^  ~  19600x12  -  ^'^^ 


and  at  full  load 


4x100x6445 
19600x12 


^   =  1960?-^St^  =  "'  -  00" 


The  forebay  elevation  being  515*  gives  a 
hydraulic  gradient  at  l/2  load  of  513.25 • 
and  a  hydraulic  gradient  at  full  load  of 
504.00 *•  The  elevation  of  the  tank  bottom  is 
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513«25  -  10,00  =  503o25',   and  the  elevation 
of  the  top  of  the   tank  is   504,00   4  34.60  = 
538,60',  which  gives   the  height   of   tank  as 
538»60   -   503»25  =  35.35   fto 

The  calculations  and  theory  for  the 
design  of  the  dam,    spillway,   pipe  line, 
surge   tank  and  penstocks  hare  novT  heen  fully 
discussed.   In  the  next  article  the  design  of 
the  turbines,    draft  tubes,   power  house  and 
equipment  will  be  presented^ 


PART  2. 
DESIGN  OF  POWER  HOUSE. 
H,  A.  KLEINMAN. 
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NOTATION. 

A  =  acceleration* 

a  =  area. 

b  =  constant* 

C  =  constant* 

D  =  diameter  in  inches* 

E  =  elevation  in  feet* 

e  =  efficiency* 

f  =  frequency  in  cycles  per  second* 

g  =  acceleration  due  to  gravity* 

h  =  head  in  feet* 

K  =  discharge  coefficient* 

=  constant* 

=  loss  in  draft  tube  in  feet  head* 
1  =  length  of  draft  tube  in  feet* 
n  =  speedy  revolutions  per  minute* 
P  =  power,  horse  power* 

=  pressure* 
p  =  number  of  poles. 

=  power  corfficient* 

=  constant  in  equation  for  parabola* 
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q  =  discharge  In  cubic  feet  per  second* 

R  =  radius* 

r  =  radius* 

S  =  distance  in  feet* 

T  =  time  in  seconds* 

V  =  velocity  in  feet  per  second. 

V  =  velocity  in  feet  per  second* 

v^^  =  velocity  at  entrance  to  draft  tube. 

V  =  velocity  at  exit  of  draft  tube* 
n 

w  =  weight  of  one  cubic  foot  of  water. 

X  =  distance  in  feet. 

X  =  coordinates* 

y  =  coordinates* 

Z  =  distances  along  draft  tube* 

Z^  =  abscissa  at  beginning  of  draft  tube* 

Z^  =  abscissa  at  end  of  draft  tube* 

Of  =  angle* 

A.  =  speed  coefficient* 

^     =  ratio  of  peripheral  velocity  to  spout- 
ing velocity* 

ijp    s  specific  power* 
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DESIGN  OF  POWER  HOUSE* 

The  pipe  llne^  sarge  tanky  and  pen- 
stocks have  been  designed  to  deliver  to  tlie 
power  house  a  maximum  of  900  sec.  ft*,  of 
water  under  a  net  head  of  180  ft*  This  hy- 
draulic power  will  he  converted  into  elec* 
trical  energy  and  delivered  to  a  transmission 
line  at  60«000  volts  pressure^  at  25  cycles* 
The  machinery  in  the  power  house  will  he  de- 
signed and  selected  to  accomplish  this  end« 
To  deliver  alternating  current  at  25  cycles 
at  once  places  restrictions  upon  the  speeds 
at  which  the  generators  may  be  run,  as  is 
shown  by  the  following  formula; 

from  which  it  follows  that  for  f  =  25, 

(2)   n  =  2222. 
p 

As  g^  must  necessarily  be  an  even  integer 
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it  follows  that  the  generators  oust  be  run  ' 
at  one  of  the  folloirlng  speeds  as  shown  by 
increasing  2.  *y  increments  of  2  beginning 
with  p  =  2:  1500  r«  p*  m.y  750  r«  p*  ai*^ 
500  r.  p«  m*9  375  r.  p*  m*^  300  r*  p*  m*, 
250  r*  p*  m^f   etc« 

For  a  low  head  utilizing  very  large 
units  it  may  be  necessary  to  run  at  a  low 
speed  thereby  increasing  the  number  of  poles 
required  on  the  generators^  but  with  a  me:«> 
dinm  head  one  of  the  above  speeds  would  be 
chosen*  After  an  investigation  of  operating 
speeds  of  various  plants  utilizing  heads  of 
from  125  to  250  ft*,  and  also  at  the  advice 
of  a  prominent  hydraulic  engineer  it  was 
decided  that  375  r*  p«  m»,   was  the  proper 
speed  for  the  units  in  this  plant*  It  is 
advantageous  to  use  as  high  a  speed  as  is 
practicable  because  the  size  of  the  mach- 
inery,  and  it*s  cost  and  space  requlrments 
are  thereby  reduced* 
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The  number  of  units  to  be  Installed  In 
any  plant  depends  upon  the  available  power 
to  be  utilized  and  upon  the  form  of  the  load 
curve.  It  is  best  to  use  as  large  units  as 
possible,  because  the  larger  units  are 
usually  the  more  efficient;  however  it  would 
be  unwise  to  install  only  one  large  unit, 
because  if  at  any  time  repairs  were  necessary 
the  entire  plant  would  be  shut  down.  There- 
fore at  least  two  units  should  be  installed, 
and  one  of  these  should  be  able  to  carry 
the  load.  This  would  mean  that  one-half  the 
capacity  of  the  plant  would  be  in  the  spare 
unit,  thus  making  the  cost  of  the  plant  per 
kilo-watt  capacity  very  high.  In  this  plant 
a  compromise  will  be  effected  between  the 
efficiency  of  the  large  unit  and  the  re- 
liability of  a  number  of  smaller  units. 
Therefore  three  units  will  be  installed 
capable  of  developing  about  the  average 
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available  power  of  the  stream*  At  low  water 
periods  and  during  periods  of  normal  flow 
two  units  only  will  be  run  and  the  third 
will  be  a  spare  unitj  during  high  water  it 
will  be  possible  to  run  all  three  units  and 
thus  uAil4.ze  the  entire  capacity  of  the 
plant.  In  case  of  accident  to  one  of  the 
units  during  this  time  it  will  of  course  be 
necessary  to  carry  the  load  on  the  remain- 
ing two,  hut  even  then  the  plant  will  be 
operating  under  normal  conditions  and  no 
serious  consequences  should  arise* 

The  power  available  at  the  power  house 
site  may  be  eatpressed  as; 

-  qwh  _ 


^^^      ^  ~  US"  -   ^^'^^^  ^'  p- 


Assuming  a  turbine  efficiency  of  about  SOfo, 
it  can  be  seen  that  the  turbines  should 
deliver  ahout  15,000  H»  P*,  to  the  generators. 
This  means  that  the  maximum  capacity  of  each 
of  the  three  units  should  be  about  5000  H*B. 
when  discharging  300  sec*  ft*,  ulider  a  net 
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head  of  180  ft. 

The  turhines  should  he  considered  to 
he  fully  loaded  when  operating  at  from  0.7 
to  0.8  full  gate  opening;  greater  gate  open- 
ings than  these  are  in  the  nature  of  over- 
loads. Therefore  the  normal  output  of  each 
unit  will  he  about  3750  H.P.,  and  they  will 
he  direct  connected  to  the  generators  rated 
at  3000  K,  V.  A,,  but  capable  of  delivering 
25fo  overload  for  a  short  time* 

lURBINE  ANALYSIS. 

The  problem  of  selecting  the  turbine 
therefore  resolves  itself  into  finding  a 
wheel  which,  when  operating  at  0.7  to  0.8 
gate,  will  develope  3750  to  4000  H.E.,  at 
its  point  of  maximum  efficiency  when  operat- 
ing under  a  head  of  180  ft.,  and  running  at 
a  speed  of  375  r.  p.  m. 

It  is  of  utmost  importance  for  the 
satisfactory  operation  of  a  plant  that  the 
proper  turbine  be  installed;  therefore,  a 
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detailed  discussion  of  the  method  of  an- 
alyzing the  performance  of  a  wheel  will  he 
given  along  with  the  derivations  of  the  re- 
lations that  exist  for  wheels  of  homologous 
design.  Relative  to  this,  D»  W,  Mead  in  his 
WATER  POWER  ENGINEERING  explains  it  in  the 

following  way:  "  If  a  series  of  wheels 

constructed  on  the  same  general  design  with 
all  parts  in  proportion,  so  far  as  practic- 
aMe,  they  are  termed  wheels  of  *  homolo- 
gous design  *,  and  constitute  a  series  of 
wheels  which,  if  really  homologous  in  both 
design  and  workmanship,  will  have  common 
characteristics  and  hence  common  relations 
betweeh  their  diameter  D,  and  their  discharge 
2j   power  P,  speed  n,  and  efficiency  e,  under 
any  given  effectual  head  h*  These  important 
variables  are  somewhat  independent  but 
have  certain  interrelations  which  can  be 
determined  by  experiment  from  any  wheel  of 
the  series,  and  are  expressed  by  coefficients 
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from  which  their  corresponding  values  for  a 
wheel  of  the  series  of  any  given  diameter 
can  be  determined  for  any  given  head  and 

speed ." 

The  velocity  of  the  peripher^of  a 
turbine  may  be  considered  as  a  function  of 
the  spouting  velocity  of  the  water,  in  which 
case  the  relation  may  be  expressed  as 

(4)  V  =^/'^ 

from  which  it  follows  that 

(5)  ^  =  -IL^  =  I 

/2g5^   V 

Thus  ^  may  range  in  value  from  zero 
when  the  runner  is  blocked  to  a  maximum 
when  the  turbine  is  nuining  free,  but  there 
is  only  one  speed  for  which  the  turbine  is 
designed  and  this  is  determined  by  the  value 
of  ^   at  the  point  of  maximum  efficiency. 
The  efficiency  is,  of  course,  zero  both 
when  the  runner  is  blocked  and  when  it  is 
running  free,  it's  maximum  value  being  at 
some  speed  between  these  twOy 
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The  peripheral  velocity  may  also  he 
expressed  in  terms  of  the  diameter  and  the 
speed;  thus 

(6)   V*  =   P"^   -   3,1416  Dn 
12  X  60      720 

Combining  (5)  and  (6), 

and  also 

(8)  n  =  t^  /"h  _   1840  jj/E 

0.0005437   D  D 

As  equation   (8)  is  general,   a  speed  coeffi- 
cient may  he  deduced  as  follows: 

(9)  ^=  1840  ^  =  A. 

If  the  head  is  one  foot  (  h=l)  it  follows 
that 

(10)  Ha^  =   1840  faf  =  A 

As  equation  (10)  is  general  it  follows  that 
for  any  fixed  value  of  ff   there  is  a 
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corresponding  value  of  a  and  at  these  values 
the  diameter  of  any  wheel  of  a  series  multi- 
plied by  it's  corresponding  revolutions  per 
minute  at  any  fixed  head  is  constant* 

If  in  equation  (10)  the  diameter  is 
one  inch  (D=l)  the  equation  "becomes 

(11)  ni  =  1840  0  -  A 

Therefore  a  is  equal  to  the  number  of  revo- 
lutions per  mdLnute  of  a  one  inch  wheel  under 
a  one  foot  head* 

In  any  homologous  system  of  turbines 
the  diameters*  heights*  and  corresponding 
openings  and  passages  being  proportional, 
it  follavs  that  similar  diacharge  areas  u&der 
different  gate  conditions  are  proportional 
to  each  other  and  to  the  squares  of  any  lin- 
eal dimension*  In  such  wheels  therefore  the 
area  a^  of  the  gate  openings  is  proportional 
to  the  square  of  the  diameter  of  the  wheel 
and  the  equation  may  be  written 

(12)  Ca/^=KD2 

In  this  equation  K  is  a  discharge  coefficient 
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which  may  he  determined  hy  experiment.  The 
discharge  is  given  hy  the  formula 

(13)  q  =  Ca/siSr 

Comhinlng  (12)  and  (13)  it  follows  that 

(14)  q  =  Kd2/^ 

If  the  head  equals  one  foot  and  the  diameter 
equals  one  inch,  then 

(15)  q  =  K 

Therefore  K  is  the  discharge  of  a  one  inch 
wheel  under  a  one  foot  heado 

The  power  of  a  turhine  is 

(16)  p  =  2!^=  a^ 

550    8.8 

Comhinlng  (13)  and  (iff),  it  follows  that 

(17)  P  =  Ca/^  h   e 

8,8 

From  equation  (17)  it  is  apparant  that  if 
Cf   Cf   and  a  are  constant  for  aiy  given 
turhine  and  fixed  gate  opening  and  if  the 
value  of  fl   remains  the  same,  the  power  of 
the  turhine  will  he  in  direct  proportion 


47 


3/2 
to  h        .By  substituting  equation    (14)   In 

equation   (16)   It  folloirs   that 

(18)  P  =  D^h^/^Ke  _  Ke^2jj3/2 

8.8  8.8 

As  SS—  Is  constant  for  a  given  wheel  as 
8,8 

long  as  ff   Is  constant  this  expression  may 
be  represented  by  a  constant  g^  which  is 
termed  the  "  power  coefficients  With  this 
substitution, 

(19)  P  =  pD2h3/2 

If  the  diameter  equals  one  inch  (0=1 )  and 
the  head  is  one  foot  (h=l),  th^i 

(20)  P=p 

Therefore  £_  is  the  power  of  a  wheel 
one  inch  in  diameter  operating  under  a  one 
foot  head. 

There  are  certain  relations  of  speed 
and  power  which  are  important  in  the  pre- 
liminary selection  of  a  turbine  for  a 
given  work.  From  equation  (9) 


(21 


)   D  =  ^ 
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and  from  equation  (19) 

(22)  D^  =  —^ 

ph3/2 

By  equating  the  values  of  D^  it  follows 
that 

(23)  ^=-P— 


n2    ph3/2 
and  therefore 


(24)  L^-^ 


The  combined  coefficient  A^p  is  re- 
presented by  the  symbol  ^S  nhich  may  be 
termed  "  specific  power". 


(25)   5  =  aS  =  ^ 


I?' 
h' 

and  when  the  head  is  one  foot   (h=l)   and 

the  diameter  is  one  inch   (D=1)   then 

(SB)      T  =  P 

which  means  that  ^  is  the  power  of  a  wheel 

of  such  a  diameter  that  it  will  make  one 

revolution  per  minute  under  one  foot  head* 

To  summarize,  the  following  coefficients 
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have  now  been  established: 
l*ftitom  equation   (9) 


A  = 


^ 


where  A.  is  termed  the  speed  coefficient  a»i* 

is  equal  to  the  number  of  revolutions  per 

minute  of  a  one  inch  wheel  under  a  one  foot 

head* 

2«,from  equation   (14) 


K  =  rs^ 


in  which  K  is  the   discharge  coefficient  and 
is  equal  to   the  discharge   of  a  one  inch  wheel 
under   a  one   foot   head* 
3*yfrom  equation   (19) 

where  p  is   the  power  coefficient  and  is   eqaal 
to   the  power  of  a  wheel  one  inch  in  diameter 
operating  under  a  one  foot  head* 
4*^ from  equation   (25) 


50 


h5/2 
in  which  ^  is  the   specific  power  and  is 
equal   to   thw  power  tff  a  wheel  of  such  dia- 
meter that   it  will  make  one  revolution  per 
minute  under  one  foot  head* 

In  order  to  make  use  of  these  coeffi- 
cients in  selecting  a  wheel  to  fulfill  any 
requirements  under  a  given  set  of   conditions, 
it  i«  necessary  to  have   the  results   of   tests 
(fC  wheels  of  various    types,    that  is,   of 
wheels  designed  to  rim  at  maximum  efficiency 
at  different  values  oP  fjf  ±n  equation    (5). 
The   conditions  under  ifliich  a  wheel  is  de- 
signed to  operate  determines  the  value  of  fi; 
for  example,   a  wheel  designed  to  run  at   a 
comparatively  low  speed  under  medium  or  high 
heads  would  require  that  the  ratio  of    the 
peripheral  velocity  of   the  runner  to   the 
spouting  velocity  of   the  water  te  s:mall9 
(   thus   that  ff  be  small   )}   conversely,    a 
wheel  designed  to  run  at  a  high  speed  under 
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low  or  medium  heads  would  have  a  high  value 
of  jaf. 

In  Appendix  B,   of  Mead's  "Water  Power 
Engineering"   are   given  the  results  of  a  num- 
ber of   tests  run  at  the  Holyoke   testing  flume 
on  wheels  of  various   types  and  sizes.  FromiJi 
these  test  sheets  the  specific  power  is  cal- 
culated for   each  run  from  equation  (25 ) 


hV2 

A  curve  is  then  plotted  for  each  wheel  show- 
ing the  relation  between  specific  power  and 
efficiency.  From  the  conditions  of  this  prob- 
lem it  can  he  sbown  that  the  specific  power 
should  equal 

,  =  (375)^  X  (3750),  ^  ^g^g 
(180)5/2 

for  rated  loading  and 

,  =  (375)2  X  (5000)  ^  ig2o 
(180)5/2 

for  25 fo  overload.   Therefore  from  the   specific 
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power  curves  for  the  various  wheels  it  is  ne- 
cessary to  pick  out  a  wheel  which  has  it's 
point  of  maximum  efficiency  at  a  value  of 
specific  power  equal  to  about  1250,  Upon  in- 
vestigation of  the  wheels  given  in  Appendix 
B  there  were  found  to  he  no  wheels  which 
would  prove  entirely  satisfactory  for  this 
plant.  A  letter  was  addressed  to  the  Wellman- 
Seaver-  Morgan  Co«»  stating  the  conditions 
for  which  a  wheel  was  desired  and  the  reply 
from  the  Chief  hydraulic  engineer  of  this 
cokpany  recommened  the  use  of  a  runner  man- 
ufactured by  this  company  and  designated  as 
"Runner  #  11"  •  A  test  data  sheet  siiowing  the 
results  of  tests  made  on  a  ruiuier  of  this  type 
at  the  Holyoke  testing  flume  was  enclosed 
and  an  investigation  of  this  wheel  showed 
that  it  would  he  satisfactory. 

In  Sahle  1,  on  the  next  three  pages, 
are  shown  the  results  of  the  tests  on  this 
wheel  and  also  the  values  of  a  and  p  calcu- 
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lated  from  equations   (9)   and   (19),   for  each 
run.   The  values  are  plotted  as  shown  In  Fig, 
1,  with  values  of  a.  as  abscissa  and  values 
of  p  and  e  as  ordinates.   The  curves  for  the 
various  gate  openings   show  that/for  0,736 
gate  opening  the  maximuin  efficiency  occurs 
for   a  value  of  A  equal   to   1400  and  that   for 
0,670  gate   the  value  is   1365,   The  operating 
head  may  vary  from  160   to   190  feet;    therefore 
the  characteristics  of   the  wheel  will  be  de- 
termined for    the    following  heads;    160  ft,, 
170  ft.,    180  ft.,    and   190  ft.    The  head  of 
160  ft,,   represants   the  worst  condition-^  at 
times  of  lowest  waterj    therefore  it  is  best 
to  have  the  highest  efficiency  at   this   head. 
Taking  a  value  of  a  equal   to   1365,   which 
gives  the  maximum  value   of  efficiency  for   a 
gate  opening  of  about  0,7,  ithe  diameter  of 
the  wheel  required  can  be  determined  from 
equation   (9)  by  solving   for  D, 

D  ,,   (1365)/I87r    ^        „ 
375  ** 
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Therefore  a  46"  wheel  will  he  used*  With  a 
wheel  of  this  si  ze  A  take  s  the  value  s  1365 
for  160  ft,,  head,  1330  for  170  ft.,  head, 
1290  for  180  ft.,  head,  and  1250  for  190  ft., 
head.  The  vertical  lines  on  Fig.  1,  give  the 
position  of  these  values  of  ^  and  are  labeled 
to  show  the  head  at  which  the  value  holds. 

From  the  values  of  p  at  the  intersection 
of  the  power  coefficient  curves  with  the  ver- 
tical lines  representing  the  values  of  ^  for 
the  four  values  of  head,  the  power  of  the 
wheel  is  calculated  from  equation  (19). 
Table  2  shows  tabulated  results  of  the  power, 
efficiency,  and  discharge  at  various  gate 
openings  for  the  four  values  of  head.  The  dis- 
charge may  be  calculated  from  either  equation 
(14)  using  the  discharge  coefficient,  or 
knowing  the  efficiency,  it  may  be  calculated 
from  equation  (16). 

p  =  q^he 
550 
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Solving  for  q. 


q=  550] 
whe 


In  this  table  equation  (16)  was  used  in  cal- 
culating the  discharge. 

In  Fig*  2,  the  results  shown  in  Tahle 
2  are  plotted,  showing  the  efficiency,  power, 
and  discharge  for  any  gate  opening  at  any  of 
the  four  values  of  head* 

In  Jfig.  3  is  shown  the  relation  between 
efficiency  and  power,  from  which  it  can  be 
seen  that  this  wheel  will  answer  the  re- 
quirements of  this  plant  in  a  very  satisfac- 
tory manner.  When  running  under  a  head  of  160 
ft.,  it  will  develope  from  37  50  to  5000  H.  P., 
at  an  efficiency  in  excess  of  87.5^.  When 
operating  under  higher  heads  within  this  same 
range  of  power  the  efficiency  decreases,  but 
as  the  water  is  more  plentiful  and  the  de- 
crease is  not  excessive  tiiis  wheel  should 
prove  satisfactory. 
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From  these  curves  it  has  been  shown 
that  a  wlieel  homologous  in  design  to  the  one 
tested  and  46"  in  diameter  will  answer  the 
requiremQits  of   this   plant.   It  will  run  at 
375  r,   p.  m.,    at  0.7  gate,   developing  about 
4200  H.  P.,   under  ISO  ft,,   head.   It  can  he 
seen  that  it's  capacity  at  the  higher  heads 
is  larger  than   required,   but  as   the  efficiency 
is  high  even   at  0,5  gate  it  will  be  satis- 
factory to  run  at   smaller  gate  openings,    and 
then  in  case  a  large  anount  of  power  is  re- 
quired for  a  short  period  of   time  it  will  be 
avail  ^le, 

aaSIGN  OF  SCROLL   CASE> 
The  efficiency  of  a  hydraulic  instal- 
lation depends  upon  the  design  of   the  intakes 
scroll  case  and  draft  tube  almost  as  much  as 
it  does  upon  the  runner  itself.   For  reaction, 
lirtieels  operating  under  medium  and  high  heads, 
the  spiral  casing  is  recognized  as  the  best 
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means  availatile  for   conducting  the  water  a- 
round  the  wheel.   The  casing  is    tapered  to 
keep  the  pressure  constant^   in  order  to  feed 
the  water  in  equally  on  all  sides  of    the 
wheel  and  thus  prevent  unequal  wear  on  the 
hearings* 

In  low-  or  medium-head  single -runner 
installations^    the  passage  for  the  water  can 
be  divided  into  five  main  parts:   intakes^ 
scroll   case,    speed  ring,    turbine   and  draft 
tube.   The  term'intake' signifies   the   passage 
from  the  head  gates  up  to   the  point  Tfliere 
the  water  enters   the   scroll  case.   The  design 
of  the  intakes  for  this   developnent  has  been 
treated  elsewhere,   and  the  scroll  case  pro- 
per will  now  be   considered. 

Experience  has  establislied  the  best 
velocity  of  flow  in  the  scroll  case  as  from 
0.15  to  0.20   the  spouting  velocity  of  the 
water,   /2gh,  where  h  is    the   effective  head 
of  the  plant.   The  velocity  of   flow  in  the 
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scroll  case   can  "be  determined  from  the 
formula 

where  C  =  0#15  to  0.20,    and  g  =  32#16,    and 
h  the  net  operating  head.   For   this   develop- 
ment with  a  net  head  of  180  ft.,   a  coefficient 
C  =  0.18  was  selected  •   Therefore  the   vel- 
ocity in   the   scroll   caseels 

V  =  0.18/2  X  32,16  TlSO  =  19.6 Vsec. 
This  velocity  will  he  maintained  constant 
througliout  the  scroll  case. 

The  point  where    the    scroll  case  act- 
ually^ begins  depends  upon  the  angleof  in  the 
Fig.  4.   Theoretically  the  hest  value  for  of 
is  180  degrees,  but  practically  it  is  better 
to  make  «    larger  and  thus  economize  on  space, 
because  there  is  practically  no  difference 
in  efficiency  for  values  of  o(    between  180 
and  270  degrees.   In  this    design  a   will  be 
taken  as  216  degrees.   There  being  20  guide 
vanes,   it  follows   that  for  a  passage  of  300 
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»   sec.  ft.,  through  the  wheel  provision  must 
be  made  for  270  sec.  ft.,  on  the  transverse 
aids  of  the  unit  at  section  Np.  1,  Fig,  4, 
and  for  120  sec.  ft.,  on  the  same  axis  hut 
at  section  No.  11.  in  Tahle  3  the  discharge 
at  various  sections  numbered  as  In  Fig,  4 
are  given,  along  with  dimensions  of  sections 
and  distance  as  esplalned  later. 

Theoretically,  the  best  shape  for 
cross  sections  ofl  a  scroll  case  is  circular. 
The  hydraulic  radius  is  then  a  maximum.  As 
these  units  are  comparatively  small  and  as 
the  generators  will  require  a  spacing  of 
20 •-OO"  center  to  center,  there  will  be 
room  for  and  It  will  be  advantageous  to  use 
circular  sections  for  the  scroll  case.  These 
sections  are  made  symetrlcml  aBout  the  hor- 
izontal center  line  of  the  distributor. 
In  passing  from  the  casing  proper 
through  the  speed  ring  the  watervis  acceler- 
ated to  from  0.6/2^  to  0.8/5^  at  which 
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velocity  it  enjters  the   turldne.   The  upper 
and  lower  rings  of   the  speed  ring  will  have 
curves  conforming  to   arcs  of   circles  of  con- 
stant radius  and  tangent   to  the  section  of 
the  scroll  case  and  to   the  top  and  bottom 
of   the   speed  ring  as  eh  own  in  Fig,    5.   In 
order   that   this    condition  may  he   complied 
with  the  distance  X,Pig,   5,  must  be  made  ac- 
cording to   the  equation 


^  -  /r2+  24R-151.84 
derived  for  a  value  of  12"   for   the  rMius 
of  the  curves  for  the  upper  and  lower   speed 
speed  rings.   Prom  the  geometry  of  the  figure 
it  can  be  seen  that 

X2   +   (|  +  r)2  =   (R  +  r)2 

and  for  values  of  r  =  12  and  a  =  10,25  it 
follows  that 

X  =  /r2   ^  24R-15l',84 
In  this  way  an  efficient  bell  mouth  is  cre- 
ated. 
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For  this  development  the  horizontal 
center  line  of  the  scroll  case  will  he  lo- 
cated at  elevation  345  ft»,  which  is  three 
feet  ahore  high  water  and  fifteen  feet  ahove 
low  water.  It  is  desirable  to  have  the  wheel 
above  high  water  in  order  that  it  will  be 
accessible  for  repairs  without  nec*ssltatlH[g 
the  construction  of  coffer  dams  and  the  pump- 
ing out  of  the  wheel  pit.  In  order  to  deter- 
mine whether  or  not  this  will  be  satisfactory 
It  is  necessary  to  investigate  certain  fact- 
ors. The  determining  factor  is  atmospheric 
pressure,  which  will  be  taken  at  33,9  ft. 
The  total  draft  head  must  be  made  less  than 
the  theoretic  barometric  column  in  order 
that  a  margin  be  allowed* 

1,  for  governing  purposes,  as  a  sudden 
closing  of  the  turbine  gates  tends  to  in- 
crease the  vacuum  Immediately  below  the  run- 
ner and  thus  a  margin  must  be  available  in 
order  to  prevent  the  total  draft  head  from 
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exceeding  the  height  or  the  haromttrlc  col- 

2,  for  the  vapor  tension  of  the  water » 
which  for  ordinary  temperature  is  less  than 
1  fto,  of  water* 

Because  of  the  losses  in  the  draft 
tube  due  to  friction  and  curvature  and  the 
outflow  losses  from  the  draft  tuhe,  all  of 
which  tend  to  decrease  the  total  actual  draft 
head^  it  is  possible  to  increase  the  dis- 
tance of  the  turbine  above  the  tail  water. 

It  is  customairy  to  measure  the  static 
head  to  the  top  of  the  runner  band.  The  vel- 
city  inside  the  band  of  the  runner  at  this 
poAnt  is  calculated  so  that  a  maximum  total 
draft  head  is  obtainedo  Applying  Bernoulli's 
Theorem 

D  =  E  +  (  ||  )  -L 

where  D  =  total  draft  head  at  the  runner f 
E  =  difference  in  elevation  between 
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the  top  of  the  runner  band  and  lowest  tail 
water J 

L  =  loss; 

V  =  velocity J 

In  this  case  E  =  15;  V  =  26  ft«/  sec,, 
o 
and  M-L  =  33.9  -  15  -  ||-a-  =  8,4  fU,   where 

M  is  the  margin  allowede  This  quantity  M-L 
is  acceptable  as  it  is  ussually  assumed  at 
from  3  to  6  ft.  Therefore,  the  elevation 
345  fto,  is  satisfactory  and  will  place  the 
wheel  above  water  at  all  times* 

TAPER  PIECE* 

The  penstocks  are  7*  -  0"  in  diameter 
and  the  entrance  to  the  scroll  caee  is  4** 
5"  in  diameter*  It  is  necessary,  therefore, 
to  connect  these  with  some  form  of  tapered 
section  which  will  increase  the  velocity 
from  penstock  velocity  to  scroll  case  velo- 
city with  the  least  loss  of  head*  The  vel- 
city  in  the  penstocks  is  7.8  ft*,  per  sec*. 
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and  in  the  scroll  case  it  is  19*6  ft«,  per 
sec«y  therefore,  a  change  in  velocity  of 
11.8  ft«,  per  sec,  is  required.  It  is  de- 
sired to  have  the  acceleration  zero  at  the 
beginning  of  this  tapered  section,  and  raise 
gradually  along  some  curve  to  a  maxinmin 
value  and  than  decrease  to  zero  at  the  end 
of  the  section*  A  sine  wave  will  he  assumed 
as  a  satisfactory  curve  for  the  acceleration. 
If  the  length  of  the  tapered  section  is  to~ 
he  12 '-O",  it  will  take  a  particle  of  water 
0»876  sec«,  to  pass  thru  it  at  an  average 
velocity  of 

rr   _  7,8»19.6__  27. 4_  -or,*.*  / 

V  =  § =  -g—  =  13#7  ft#/sec» 

With  the  acceleration  in  the  form  of  a  sine 
curve,  the  velocity* curve  will  he  a  form  of 
cosine  curve  and  should  be  such  as  to  in- 
crease the  velocity  gradually  from  7,8  to 
19 #6  ft«/sec«  Assuming  axes  as  shown  in  Fig» 
6,  it  can  be  shown  that  the  equation  of  such 
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a  curye  may  lie  written  as 

(27)  V  =  13.7  -  5.9cos(  §4|g^T  ) 

The  acceleration  curve  will  be  the  first  de- 
rivative of  the  velocity  curve  with  respect 
to  time  5 

(28)  A  =  ^  =  2iU,i„(  3jl«6j  ) 

The  distance  travelled  by  a  particle  of 
water  in  any  time,  when  following  the  velocityy 
curve  shown  in  equation  (27)  is  equal  to  the 
integral  of  this  curve  between  the  time 
limits  within  which  this  distance  is  desiredj 
thus 

(29)  S  =  /  V  dT 

*^ 
or  in  this  case,   as   the  lower  limit  will  al- 
ways be   taken  as  zero,   it  is   equal   to 

(l3,7-5,9cos(   |±||i6^))dT 

S  =   13.7   T-1.64sln(   ^llil^T) 
0.876 

From  these  equations  for  velocity. 
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acceleration^  and  distance  tbe  curves  shovn 
in  Pig.  6  are  plotted,  and  Table  4  is  cal- 
culated, showing  the  cross-sectional  areas, 
diameters  at  various  sections  and  the  dis- 
tances from  the  beginning  of  the  tapered 
piece  at  which  these  sections  siiould  he  placed* 
From  this  table  the  form  of  the  tapered  ' 
piece  is  determined  and  is  shown  in  Fig,  7» 

DRAFT  TUBE* 

The  problem  of  designing  a  draft  tube 
does  not  permit  of  exact  mathematical  treat- 
ment and  some  assumptions  are  necessary  in 
order  to  get  a  starting  point  in  the  analy- 
sis* Therefore  it  will  be  assumed  that: 

(a)*  the  flow  in  the  tube,  because  of 
the  slight  increase  in  areas  from  one  section 
to  the  other  is  normal  to  the  plane  under 
consideration ; 

(b* )  the  change  in  the  velocity  head 
should  not  at  any  time  be  greater  than  the 
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change  in  elevation; 

Starting  with  these  assumptions  the 
following  factors  will  he  Investigated  In 
the  order  named: 

(a.)  Shape  and  length  of  the  center 
line. 

(h» )  Velocities  and  change  in  velocity 
heads* 

(c«)  Shape  of  areas  of  cross  section* 

The  velocities,  areas,  and  centers  of 
the  beginning  and  end  of  the  draft  tuhe  are 
known  or  can  he  easily  determined.  In  this 
case  the  end  section  will  have  its  canter  at 
a  point  18  ft*,  below  the  intersection  of  the 
cent  er  line  of  the  runner  and  the  center 
line  of  the  scroll  case.  The  outflow  velocity 
will  be  4  ft*/sec.,  and  therefore  in  order 
to  discharge  300  sec*  ft*,  the  end  sectiob 
should  have  an  area  of  75  sq.  ft*  The  be- 
ginning section  is  on  the  center  line  of 
the  runner  band.  It  is,  therefore. 
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necessary  to  estalilish  some  form  of  center 
line  which  will  connect  these  two  points* 
There  are  several  curves  which  might  he 
used;  namely,  areas  of  circles,  ellipse^, 
parabolas,  or  some  form  of  curve  of  a  high- 
er order*  The  parahola  Is  a  very  good  he- 
cause  It  is  in  accordance  with  the  second 
assumption,  that  the  change  in  velocity 
hesd  should  not  exceed  the  change  In  ele- 
vation. Thus,  where  the  change  in  velocity 
heads  is  greatest  the  center  line  will  be 
the  steepest  and  where  the  change  in  velo- 
city head  per  unit  lengU  becomes  small  the 
parabola  will  come  closer  and  closer  to  the 
horizontal*  In  this  case  the  center  line 
will  be  composed  of  three  sections;  first, 
a  straight  section  dropping  down  from  the 
beginning  of  the  draft  tube  to  a  point  at 
elevation  339  ft*j  at  this  point  the  para- 
bolic section  will  start  with  the  apex  of 
the  parabola.  In  order  to  bring  the  center 
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line  around  until  it  is  horizontal  at  the 
center  of  the  end  section,  an  arc  of  a 
circle  will  be  used  as  a  third  section.  The 
form  of  this  center  line  is  shown  in  Fig. 
8,  It  is  necessary  to  find  a  parabola  such 
that  it  will  have  its  apex  at  (0,0)  and 
will  become  tangent  to  some  circle  which 
has  its  center  somewhere  on  the  line, 
X  =  18.  Assuming  that  the  center  of  the 
circle  will  be  at  point  (18,0),  the  equa- 
tion of  this  circle,  remembering  that  It 
must  pass  through  point  (18,13.5),  is 

(31)  (X-18)2+y2  =  182.25 

It  is  now  necessary  to  find  some  parabola 
which  will  have  its  apex  at  the  origin  and 
will  be  tangent  to  the  circle  just  determined. 
The  general  equation  of  a  parabola  with  apex 
at  the  origin  and  lying  along  the  X  axis  is 

(32)  t2  =  2pX 

Solve  equations  (31)  and  (32)  simultaneously 
to  find  points  of  intersection,  thus: 


83 


substututlng   (32)   in   (31 ) 

(X-18)2+2pX  =   182^5 
solving  for  X 

X^-36X+32442pX  =   182.25 

X^4(2p-36)X  =-141.75 

X^+(2p-36)X+(^E526ii^.l41.7542B-362 


(33)   X  =  -  2P"^^  +  /56744p..l44p4il29^ 


These  two  values  of  X  indicate  the 
values  of  X  for  the  four  points  of  intersec- 
tion when  the  parabola  passes  thru  the 
circle.  In  order  that  the  parabola  he  tang- 
ent to  the  circle  there  should  he  only  one 
value  of  Xj  therefore,  the  quantity  under 
the  radical  sign  should  equal  zero,  and  then 

(34)  X  =  -  2e^21_ 

In  order  to  find  the  value   of  p,   equate  the 

radical  to   zero   and  solve  for  p 


(35)      /4p^-144p4729   ^  ^ 
4 
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(36)  p  =   18lll,91  =    (29.91)   or  6.09 

The  value  29.91  has  no  meaning  in  this  prob- 
lem and  therefore  the  equation  of  the  re- 
quired parabola  is 

(37)  y2  =   12ol8X 

The  point  of  tangency  is  determined  from 

equation  (34) 

X  =  .  2x6.09-36^  i^^gj 

and  by  solving  equation   (37)   for  Y  for  a 
value  of  X  =   11.91 

Y  =   Vl2«18   X  11.91   _   4  12.04 

As  tiie  only  point  of  interest  in  this  prob- 
lem is  the  one  below  the  X  axis  the  minus 
sign  will  be  used  and  the  point  of  tangency 
of  the  parabola  and  the  circle  is  determined 
as  (  11.91,-12.04).  These  curves  are  plotted 
in  Fig.  8. 

The  length  of  the  center  line  may  now 
be  obtained  by  calculus  methods.  The  generil 
expression  for  the  length  of  an  arc  of  a 
curve  is 
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(38)      L  =    //l+(   p.  )2dy 

or         L  =   //l+(  ^  )'^dx 
«^  dx 

Applying  the  formula  to   this  problem  the 
following  is  obtained: 

/•  -JZ.04 

PerCd'rming  the  indicated  operations 

-JZ.04 
^1  Ve^  (37,0881^y2)l/V 

,  n , , -12,04 

+37«08811og(y+/37.0881fy^) ) 

1  ° 

"   i27i8((l62,25)+(37,0881x 

(log(25.54-log6.09 ) ) ) ) 

Lj  =  17«68  ft#,  length  of  arc  of  the 

parabola*  The  circular  arc  may  be  determined 

by  measuring  the  included  angle  thus 

o<=  sin""-(  r|^  )  =  26«48'54" 
lo«nO 

=  96534  seconds  of  arc.  A  circuanfer- 
ence  is  equal   to   1296000   seconds  of  arc* 
Thus  the  length  of  arc  is  equal  to 
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The  length  of  the  straight  section  may  "be 
oTjtained  directly  and  is  equal  to  5,50  ft» 

Thus  the  total  length  of  the  draft 
tube  is  equal  to  the  sum  of  the  lengths  of 
these  three  sections  or  29.58  ft» 

The  velocity  of  flow  at  any  point  in 
the  draft  tube  must  be  related  in  a  certain 
way  to  the  velocities  at  other  points* -The 
velocoties  at  two  points^  however,  are  known 
at  the  outset;  these  are  v^^  and  v-.,  the  velo- 
cities at  the  top  and  at  the  end  respecti-^y 
thus 

Vj  =  0,25/2^  =  25,70  ft,/sec. 

Vjj  =  4  ft«/sec*    ^assumed) 
Vn  is  governed  by  the  tail  race  conditions, 
excavation,  etc* 

By  means  of  these  velocities  the  cor- 
responding cross -sectional  areas  A^   and  Ajj 
can  be  calculated^  as  the  discharge  Q  is 
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known*  The  intermediate  areas  can  be  calcu- 
lated only  after  the  velocities  through  the 
planes  In  which  these  areas  are  located  hare 
been  determined.  The  problem  therefore  Is  tfi 
find  the  velocity  change  In  the  draft  tube 
per  unit  length  measured  along  the  center 
line*  It  must  be  remembered,  however,  that 
this  change  In  velocity  must  be  such  that 
the  change  In  velocity  head  becomes  somewhst 
smaller  than  the  change  In  static  head*  The 
idea  is  that  one  side  of  the  film  of  water 
is  subjected  to  pressure  corresponding  to 
the  change  In  velocity  head  and  the  other 
side  to  a  pressure  corresponding  to  the 
change  in  static  elevation*  If  the  dlfferenee 
in  pressures  is  such  that  the  film  is  sub- 
jected to  a  back  pressure  the  film  will  ob- 
viously expand  sideways  and  thus  fill  the 
cross  sectional  area  of  the  tube*  Applying 
Bernoulli's  theorem  to  this  case, 

<«'  ll  *  Pa  .  h.  =  (^)  *  P,,,  .  .^^ 
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but  In  accordance  with  assumption   (ij),  on 
Page     , 

(41)     lLll±i=h  .h 

2g     2g  a+i  a 

so  that  Pg,  =  P  a+l.  or  in  other  words  the 
pressure  remains   constant* 

If  equation   (41)   is   satisfied  for   the 
full  load  discharge     Ihrough  the  draft  tuhe. 
It  is  true  that  for  smaller  discharges 

Consequently  there  will  he  a  hack  pressure 

In  this  formula  hj^  and  h^+i   are  the 
static  elevations  at  the  points  a  and  a+l  on 
the  center  line  while  t^  and  Vj^^j^  are  the 
corresponding  velocities.   From  the   condition 
that 

(43)        T3A^=  v^^^A^^^  =   Q 

we  obtain 
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(44)  v^  =  f|±lT^^, 
and 

(45)  v|=(^)l4i 

2 
Sul>stltuting  this  value  of  r^  in  equation 

(41)  it  follows  that 

(AQ\     Zl±l   (  *a*l   )2     v|^ 

(46)  g^  (  j~-  ;    -  ^ ha+l-^a 

o 

so  that  solving  for  v^^i 

(47)  ^2^1    =  T-^^Vr  ^^41"^^ 

This  represents  a  parabolic  equation 
and  it  proves  that  the  velocity  should  be 
retarded  in  accordance  with  a  curve  cut  from 
one  of  the  branches  of  a  parabola*  In  general 
the  equation  can  be  written 

(48)  y2  _  JQ5 

However  in  this  form  it  is  not   directly 
applicable  to   the  problem.  In  order  to  make 
it  applicable^   it  is  necessary  to  shift   the 
X-axis  so   that   the  apex  of  the   curve  will  be 
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located  on  the  Y-^adLs  at  a  point  with  co- 
ordinates equal  to  0,  and  b  respectively. 

Calling  the  new  system  of  axes  Y  and 
Z,  any  points  on  the  curve  that  formerly  had 
the  coordinates  X   and  T  will  now  have  co- 
ordinates Z  and  V»  Of  these  coordinates 

(49)  Z  =  X    and    Y  4  V  =  1) 
as  Y  =  (b-V)  it  follows  that 

(50)  V  =  b  I/SZ" 

As  in  this  oase  the  lower  branch  of  the 
curve  only  is  used  the  equation  finally  be- 
comes 

(51)  V  =  b-/^ 

Three  different  possibilities  now 
appear y  namely; 

(1)  vj^*v^>yi+yn 

(2)  v^+v^=y^4y^ 

(3)  Vj+Vjj<yi*yjj 

In  case  (1)  there  is  obvious  danger  that 
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change  In  velocity  may  1)600136  too  great  in 
the  "beginning  of  the  tube,  provided  the 
difference  is  considerable.  In  case  (3)  it 
is  apparant  that  if  the  difference  is  con- 
siderable the  velocity  curve  becomes  prac- 
tically a  straight  line  which  is  not  desir- 
able* Consequently  only  case  (2)  needs 
further  consideration* 

Since  y  +  v  =  b,  it  follows  that 

(52)  yj^+vj^=b  and 

(53)  yn+Vjj=b         or 

(54)  yi+vi=  yn+Vn 

but  from  case  (2)  ^i'*^j,~  7±*'Jn 
from  which  it  follows  that 

(55)  2v^   =  2j^ 

Thus,  as  Vj^  =yjj  and  ^n  ~  ^1  »  ^*  follows 
that 

(56)  It)  =  Vj  +  Yjj 

Substituting  the  coordinates  Z-.   and  v-if 
and  Zjj  and  Vn  in  equation   (50),    it  becomes 

(57)  vi  =  b  -  /kZ^  and   — 
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(58)  Vn  =  ^  '/^ 
or,  transposing, 

(59)  b  -  Tj^  =  /W^  and 

(60)  Zj 


=  (1>  -  VI  )^ 


E 
In  the  same  way  it  Is  proved  that 

(61)  Z„  =  ^^  "  ^n^ 
^       K 

But  from  equation   (56),   b  =   (v^   -  Vjj),   it 
follows   that 

2  2 

(62)  Zi  =  ^         and       Z^  = 


E 


(63)      1  =  Zjj  -Z^ 


Therefore 


2  2 

(64)  L  =  11-^=  i(   V?   -  t5 

g  K  E        1  >> 

which  gives  the  following  value  for  E, 

/  2    2  V 

(65)  TT  =  <^1  -  ^n  > 

L 

Introducing  the  values  found  in  equations 
(56)  and  (65)  in  equation  (51),  it  becomes 

(66)  V  =  (vi  +  Vn  )  -A^  "  ^^  Z 
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This  is  a  convenient  expression  giving  di- 
rectly the  velocity  at   any  point  Z  on  the 
center  line.   As  previously  mentioned  Vj,   Vq, 
and  L  have  already  been  determined  and  can  Is 
"be   considered  constant  quantities. 

It  is  now  required  to   locate  the  ordi- 
nates  v^  and  v^  on  the  Z  axis.   Substituting 
in  equation   (66)   the   ordinates  Z^  and  r-^  it 
becomes 

(67)  vi  =   (v^   +  v^    )    -  ^^1   -  ^n  7.^ 

L 

Feom  which 

(68)  T^  JiLlJn  z^' 

L 


or  solving  for   Z-^ 

'▼n 

and  then 


(69)      Z     =  -^j^-s— 
(^)    -  1 


(70)      Zn  =  L  +  ZjL 

These  equations  will  now  be  applied  to 
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tbis  problem  in  order  to   determine  the  velo- 
cities at  various  points  along  the  center 
line*   Applying  equations    (69)   and   (70), 
remembering  that  the  length  of    the  draft 
tube  has  been  found  to  be  29*58  ft*, 

29*58 

1  ""    /   25*7    x2      .: =  »*732   ft* 

^      4        ^    -  1 

and 

Z     =  29.58   +  0.732  =  30.31   ft* 


n 


Substituting  the  velocities  v^  and  v  in 
equation  (66)  gives  the  velocity  equation 
for  this  problem  as 

V  =  30  -  4*72  /z" 

This  curve  is  shown  in  Fig*  9,  from 
which  it  is  possible  to  obtain  the  velocity 
at  any  point  along  the  center  line  of  the 
draft  tube* 

Points  are  taken  along  the  center  line 
and  numbered  as  shown  in  Fig*  8*  Then  the 
velocities  are  obtained  for  these  points  and 


s^^^=c^^=a^^=W 
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knowing  : the  quantity  of  water  Q,  it  is  an 
easy  matter  to  calcalate  the  required  cross- 
sections  at  these  points.  In  Tahle  5  these 
values  are  shown  with  the  changes  in  velocity 
head  and  static  head  between  points .It  can 
be  seen  that  at  only  one  paint  is  the  change 
in  velocity  head  in  excess  of  the  change  in 
static  heady  and  this  is  in  that  part  of  the 
draft  tube  immediately  below  the  the  top  of 
the  runner  band*  As  the  exact  velocities  at 
this  point  are  difficult  to  determine,  and 
as  the  discrepancy  is  small  it  will  be  ig- 
nored* 

The  end  section  of  the  draft  tube  will 
be  in  the  form  of  two  equal  semi-circles 
connected  by  tangents  and  having  a  major 
axis  of  15*  -  0",  in  order  to  allow  5  ft*, 
of  concrete  between  two  adjacent  draft  tubes* 
In  order  to  have  75  sq*  ft*,  of  area,  the 
radii  of  these  semi-circles  must  equal 
2*  -  8*5'',  making  the  minor  axis  of  the 
section  5*  -  5***  The  purpose  in  making  these 
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end  section  other  than  circular  is  to  re-* 
duce  the  amount  of  excavation  required,  and 
this,  of  course,  is  accomplished  hy  making 
the  major  axis  horizontal.  As  the  cross» 
section  decreases,  the  length  of  the  connect- 
ing tangents  will  be  decreased  until  they 
reach  zero,  and  from  this  point  to  the  top 
of  the  draft  tube  the  reduction  in  area  will 
be  accomplished  by  reducin  '  the  diameter*  It 
happens  that  the  draft  tube  is  circular  from 
the  top  to  ab^out  point  8,  Fig*  8,  and  from 
this  point  to  the  discharge  end  it  is  com- 
posed of  two  semi -circles  of  radius  2*  -  8.5" 
connected  by  tangents  of  length  depending 
upon  the  required  cross  sectional  area*  The 
length  of  these  tangents  for  any  giren  re- 
quired cross -sectional  area  is  obtained  from 
the  foraula  which  can  be  derived  from  the 
geometri'.-  relations  of  the  quantities  in- 
volved* 

The  passage  from  the  intakes  to  the 
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discharge  Into  the  tail  race  has  now  heen 
completely  discussed,  and  there  remains  only 
the  superstructure  of  the  power  house  and 
the  electrical  equipment.  The  drawings 
number       show  the  form  of  the  power 
house  and  the  arrangment  of  the  equipment. 
A  discussion  of  the  size  and  controll  of  the 
electrical  equipment  will  he  given  in  Part 
3« 


PART  3, 
ELECTRICAL  EQUIPMENT. 

E.  H«  SMITH. 


ae 


inm-bBT  of  voit^^  ^  '^ 
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ELECTRICAL  EQUIPMENT. 

The  power  generated  in  this  plant  will 
be  furnished  by  3-3700  K.V.A,,  8  pole,  6600 
volt  A,C»,  generators,  the  windings  of  which 
are  star  connected  with  the  nuetral  grounded* 
They  will  run  at  375  r*p«m«,  and  have  a  fre* 
quency  of  25  cycles*  Each  of  these  machines 
will  have  an  exciter  mounted  upon  it's  shaft 
to  furnish  the  necessary  dirett  current  for 
field  excitation*  To  provide  against  a  break- 
down of  any  one  of  these  exciters,  a  small 
motor  driven  direct  current  generator  will 
furnish  power  to  busses  which  may  be  connect- 
ed to  the  generators,  after  the  self  driven 
exciter  is  disconnected*  The  motor  driven 
direct  current  generator  will  also  furnish 
power  for  the  control  and  operation  of  all 
switches,  field  control  and  water  wheel 
control*  To  provide  a  method  of  starting 
the  plant  and  also  as  a  safeguard  against 
the  breakdown  of  the  two  methods  of 
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excitation,  a  battery  is  installed  which 
may  "be  connected  to  the  direct  current  buss- 
es when  necessary. 

The  station  will  have  10  -  1400  K»V.A, 
single  phase  transformers,  which  step  the 
▼oltage  from  6600  volts  up  to  60,000  voltso 
Nine  of  these  will  be  in  use,  3  for  each 
generator,  and  one  will  be  kept  as  a  spare 
unit.  Both  primary  and  secondary  of  the 
transformers  are  connected  in  delta.  The 
reason  for  using  3  single  phase  transformers 
instead  of  1  three  phase  transformer  is  on 
account  of  the  cost  of  the  latter  type,  es- 
pecially as  one  extra  set  must  be  kept  in 
readiness  for  a  breakdown*  In  such  a  small 
plant  as  this  the  cost  mentioned  above  for 
the  extra  unit  would  be  entirely  too  large 
a  percentage  of  the  total  cost* 

On  the  two  outgoing  lines  there  are 
installed  choke  coils,  horn  gaps  and  light- 
ening arresters,  one  in  each  conductor. 


102 


After  leaving  the  generator  the  current 
passes  through  potential  and  current  trans- 
formers which  operate  the  ammeters,  volt- 
meters, wattmeters,  power  factoir  meters, 
synchroscope  and  frequBncy  meter.  Next  is 
the  machine  switch  of  the  K2  non-automatic 
oil  type.  Following  this  comes  a  K2  auto- 
matic oil  switch  to  throw  the  generators  on 
the  low  tension  husses*  To  connect  the  mach- 
ines to  the  transformers  a  K2  non-automatic 
oil  switch  is  usdd.  The  transformers  are 
connected  to  the  high  tension  husses  hy 
means  of  an  H6  automatic  oil  switch*  There 
are  two  sets  of  outgoing  lines,  each  one 
being  connected  to  the  high  tension  liusses 
by  means  of  an  H6  automatic  oil  switch.  The 
reason  non-automatic  switches  were  used  on 
the  generator  side  of  the  transformers  was 
in  case  the  machines  were  not  in  exact  syn- 
chronism when  the  switch  was  thrown  in*  In 
this  situation  the  sudden  rush  of 
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synchronizing  current  would  throw  open  an 
automatic  switch.  All  switches  are  distante 
controlled  by  110  volt  control  circuits, 
operated  by  switches  with  individual  signal 
lamps* 

The  field  theostat  of  the  main  gen- 
erator is  motor  operated  and  distant  con- 
trolled. The  switching  from  one  system  of 
excitation  to  another  is  done  by  two  elec- 
trically inter-locked  circuit  breakers,  dis- 
tant controlled.  A  small  shunt  resistance  is 
connected  in  the  field  circuit  in  case  the 
field  becomes  groimddd  to  the  high  tension 
circuit.  This  resistance  will  protect  the 
field  of  the  machine  in  such  a  situation. 

The  motor  driving  the  direct  current 
generator  is  started  by  3  inter-locked 
switches,  2  of  them  connecting  the  motor  to 
the  busses  through  a  compensator  and  the 
third  connecting  the  motor  to  the  line  as  it 
comes  up  to  speed.  The  field  rheostat  for 
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this  generator  is  a  paul  and  ratchet  type, 
distant  controlled.  The  switch  throwing  the 
generator  on  the  line  is  distant  controlled. 
The  switch  which  throws  the  hattery  on  the 
line  is  also  distant  controlled,  but  is  op- 
erated hy  battery  current  only,  so  that  it 
can  be  thrown  even  though  there  is  no  power 
in  the  direct  current  busses. 

On  the  exciter  switchboard  panel  are 
four  control  switches;  one  for  starting  the 
driving  motor,  one  for  operating  the  genera- 
toir  switch,  one  for  operating  the  field 
iJheostat  and  one  for  the  battery  control.  On 
the  meter  board  are  two  ammeters,  one  for  the 
generator  and  one  for  the  motor,  and  also 
one  voltmeter,  used  as  a  ground  detector  and 
for  the  generator.  The  voltmeter  is  operated 
by  plugs. 

On  the  main  generator  panel  are  9  con- 
troll  switches;  they  operate  the  machine, 
low  tension  bus,  transformer,  high  tension 
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bus,  ground  and  exciter  smitclies,  and  the 
field  rheostat  and  water  wheel  control*  On 
the  meter  board  are  three  a,c«,  ammeters  and 
one  direct  current  field  aiameter,  a  power 
factor  meter,  a  recording  wattmeter  and  an 
integrating  wattmeter.  The  tntegrating  watt- 
meter is  placed  on  the  back  of  the  board,  as 
it  is  only  necessary  to  inspect  it  once  in 
a  while.  On  the  end  of  the  board  are  placed 
the  synchroscope,  frequency  meter,  voltmeter 
and  ground  ammeter.  The  voltmeter  and  fre- 
quency meter  are  operated  by  one  set  of  plugs 
and  may  be  connected  into  any  phase  of  the 
line;  the  s3mchroscope  is  operated  by  an- 
other set  of  plugs. 

On  the  high  tension  panel  are  two  con- 
trol switches  for  the  two  H6  outgoing 
switches.  On  the  meter  board  are  placed  six 
ammeters,  one  for  each  conductor  in  each  of 
the  two  lines* 

The  H6  switches  and  the  horn  gaps  are 
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arranged  with  disconnects  on  each  side  of 
them  to  provide  for  any  repairs  or  altera- 
tions which  may  he  necessary. 

The  generators  are  protected  hy  the 
Merz-Price  system  for  overload*  This  means 
that  if  an  overload  occurs  in  either  the 
ground  leads  or  the  power  leads  the  machine 
switch  and  both  field  switches  will  be  open- 
ed aA4omatically*  The  same  system  is  used  on 
the  transformers  and  will  open  the  K2  and 
H6  switch  on  either  side  of  the  transformers 
thus  throwing  them  off  the  line* 

The  high  tension  bussed  are  groimded 
through  grounding  transformers,  whose  pri- 
mary is  star  connected  with  the  middle  point 
grounded,  and  whose  secondaries  are  delta 
connected  with  a  resistance  in  circuito  The 
busses  also  have  frequency  absorbers  and 
a  ground  detector  connected  to  them. 

The  entire  electric  system  is  distant 
controlled  by  switches  provided  with  signal 


107 


lamps  and  Is  automatlcaHy  protected  against 
any  overload.  In  fact  every  safeguard  which 
is  known  is  used  to  protect  the  system  and 
machinery. 

To  aid  the  operator  in  bringing  the 
frequency  to  the  right  value  a  switch  is 
placed  on  the  generator  panels  for  the  con- 
trol of  the  water  ^flieel  gates,  "by  means  of 
a  small  electric  motor*  Thus  the  operator 
may  adjust  the  frequency  without  moving 
from  the  hoard* 

The  switchboard  is  of  the  bench  type, 
with  all  control  switches  and  plug  receptacles 
located  on  the  inclined  bench*  Resting  upon 
the  back  of  the  bench  is  the  meter  board* 
There  are  five  panels,  one  for  the  exciter, 
three  for  the  generators  and  one  for  the 
feeders*  The  entire  board  is  constnucted  of 
channels  and  iron  pipe,  thus  affording  a 
very  rigid  construction* 
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